Abstract-The effect of a linear accelerator's (LINAC's) microstructure (i.e., train of narrow pulses) on devices and the associated transient photocurrent models are investigated. The data indicate that the photocurrent response of Si-based RF bipolar junction transistors and RF p-i-n diodes is considerably higher when taking into account the microstructure effects. Similarly, the response of diamond, SiO 2 , and GaAs photoconductive detectors (standard radiation diagnostics) is higher when taking into account the microstructure. This has obvious hardness assurance implications when assessing the transient response of devices because the measured photocurrent and dose rate levels could be underestimated if microstructure effects are not captured. Indeed, the rate the energy is deposited in a material during the microstructure peaks is much higher than the filtered rate which is traditionally measured. In addition, photocurrent models developed with filtered LINAC data may be inherently inaccurate if a device is able to respond to the microstructure.
I. INTRODUCTION

L
INEAR accelerators (LINACs) are a common source used to study transient radiation effects in devices and circuits as well as to gather data for model development. The reason for this is that LINACs are typically capable of producing repeatable and predictable radiation output over long periods of time (i.e., reproducible pulsing over a week of experiments), and a significant number of pulsed exposures can occur over a week of experiments compared to other pulsed-power sources. On the other hand, the output of a LINAC consists of a train of narrow pulses (i.e., microstructure) that can complicate the interpretation of radiation diagnostics and the response of devices and circuits [1] , [2] . Indeed, the rate the energy is deposited in a material during the microstructure peaks is much higher than the filtered rate which is traditionally measured. This is illustrated in the diamond photoconductive detector (PCD) data shown in Fig. 1 
(a) and (b).
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One of the primary concerns is that if a device is able to respond to high-frequency and short-duration pulses, upset and/or burnout could potentially occur at lower thresholds than expected at a LINAC when not properly accounting for microstructure effects. This has obvious hardness assurance implications and may lead to parts unnecessarily being removed from consideration for a specific application. Furthermore, transient photocurrent models developed with filtered LINAC data may be inherently inaccurate if a device is able to respond to the microstructure. Therefore, it is critical to understand the impact of the microstructure on all radiation diagnostics as well as any device or circuit tested at a LINAC, and as necessary, capture those effects during model development and the verification and validation (V&V) process.
In this paper, we experimentally investigate the effects of a LINAC microstructure on commercial-off-the-shelf (COTS) radio frequency (RF) bipolar junction transistors (BJTs), COTS RF p-i-n diodes, and diamond, GaAs, and SiO 2 PCDs. In addition to the experimental work, 2-D numerical simulations are used to qualitatively understand the microstructure response in generic RF and standard devices and provide insight into the physics of the microstructure response. Device simulations are critical to understand how/which devices will respond to the microstructure and to validate the observed experimental response. We also present photocurrent calculations for a p-n junction. These models are a key component in radiation aware photocurrent models that would be implemented in a circuit simulator.
II. EXPERIMENTAL DETAILS
The experiments were conducted using the Medusa LINAC located at the Little Mountain Test Facility. The Medusa LINAC is an L-band RF electron accelerator that contains a Klystron system that provides power to the accelerating waveguides and operates at a frequency of 1.28 GHz. Similar to the basic electron LINAC design, the electrons are generated from a thermionic dc gun biased at 50 kV. Following the gun are pre-bunchers, a focusing lens, the L-band accelerating column, and the exit port. Experimenters have the option to place a scatter plate and/or a Bremsstrahlung target that can be used to generate X-rays at the end of the exit port. In this paper, a 0.125-in scatter plate was placed at the end of the exit port, and the LINAC was operated in electron-beam mode. The endpoint energy of this machine is approximately 25 MeV. When operating in the wide injector mode, the pulse envelope (i.e., filtered response) can be varied approximately from 50 ns to 100 μs. The dose/dose rate can also be varied by adjusting the LINAC setup and/or the position of the test article from the source. In this experiment, all exposures were conducted using the wide injector and for a nominal pulsewidth envelope of 50 ns. For a more complete description of the basic principles of LINACs, refer to [3] .
The Medusa LINAC was chosen because it is capable of producing repeatable and predictable radiation output. Radiation diagnostics consisting of a silicon calorimeter, p-i-n diodes, diamond PCDs, and thermoluminescent dosimeters (TLDs) were used to determine the dose/dose rate of each radiation pulse and to characterize the temporal profile of the radiation pulse. Typically, only PCDs and/or p-i-n diodes are fielded on every shot. Here, the focus will be on PCDs. In a PCD, the electric potential applied across the absorbing region causes a current to flow that is proportional to the irradiance. To determine the dose/dose rate with a PCD, the response must be correlated with TLDs or a calorimeter. However, the output of a PCD is normally measured through a hardware filter (e.g., 220-MHz low pass filter) that is connected inline to an oscilloscope with a 1-GHz bandwidth and a 5-GS/s sample rate (or similar). An example of a filtered GaAs PCD signal captured in the standard experimental setup at the Medusa LINAC is shown in Fig. 2(b) . As shown in the data, the standard setup does not capture microstructure effects and reduces the peak to a fraction of the microstructure peak. This indicates that the filtered PCD response will underestimate the peak dose rate level which is often used to assess the dose rate performance of a device.
In general, the experimental setup (e.g., cable type and lengths, external 50-terminators, hardware filters, and oscilloscope capabilities) significantly impacts the ability to measure the microstructure response. This makes it challenging to capture the true microstructure response. In this test series, high-speed oscilloscopes with a bandwidth greater than or equal to 2.5 GHz and a sample rate greater than or equal to 40 GS/s were used to study the high frequency microstructure effects produced by the LINAC. As noted above, these highspeed oscilloscopes are usually not used to measure the device or PCD response. To further reduce filtering effects in the experimental setup, external 50-terminators and low pass hardware filters were removed. In addition to that, lowloss copper jacketed LMC400 cables were used instead of the standard RG223 cables during some of the experiments to minimize parasitics. Data were obtained for two different types of COTS RF BJTs (referred to as Technology #1 and Technology #2), COTS RF p-i-n diodes, and diamond, GaAs, and SiO 2 PCDs. All of the COTS parts were Si-based technologies. During the RF n-p-n BJT and RF p-i-n diode experiments, the bias and dose rate were varied; however, during the PCD experiments, the bias was held constant and only the dose rate was varied. Because the focus of this paper is on the ratio or difference between the unfiltered (i.e., raw response including microstructure effects) and filtered response, specific dose rate levels will not be discussed.
When irradiating the RF n-p-n BJTs, the collector was positively biased and the base and emitter were shorted together and connected to an oscilloscope. The positive bias on the collector resulted in a reverse biased base-collector junction. In the RF p-i-n diode experiments, the cathode was biased positive and the anode was connected to the oscilloscope. When testing either the RF BJTs or the RF p-i-n diodes, four parts were typically irradiated at the same time. Two of the parts were connected to high-speed oscilloscopes (40 or 50-GS/s oscilloscope) and all filtering and parasitics were minimized. The other two parts were measured in the standard setup which resulted in a filtered response. 
III. EXPERIMENTAL RESULTS
A. PCD Response
Presented in Figs. 1 and 2 are the plots of the raw and filtered (software and/or hardware filtered) diamond and GaAs PCD signals, respectively. Note that the software filter was implemented with either a boxcar or low pass filter algorithm. Both algorithms resulted in similar results. Furthermore, the hardware filtered data were obtained on a different radiation exposure than the raw/software filtered data. That being said, the experimental conditions (e.g., distance from the radiation source) were similar. As indicated by the data, there is a significant difference between the raw and filtered signals. More specifically, the raw PCD signals have approximately a 1.28-GHz pulse frequency (peak-to-peak) and each pulse has an approximate full width at half maximum of 125 ps. The duty factor is around 15%, and the rise and fall times of each pulse are on the order of 100 ps compared to nanoseconds to tens of nanoseconds for the filtered signals. Also observe that the raw PCD microstructure peaks have significantly greater amplitudes than the filtered peaks. The ringing after each of the microstructure peaks shown in Figs. 1(b) and 2(c) is likely a result of cable/board effects which are difficult to eliminate when measuring fast transients. Fig. 2(b) also provides a comparison between the hardware and software filtered (i.e., low pass filter algorithm) GaAs PCD signals. The plot indicates that the hardware and software filtered data were similar except for the capacitive time lag in the hardware filter case.
As mentioned previously, a combination of long cable lengths, type of cables, hardware filtering, and other experimental parasitics filter the 1.28-GHz microstructure. Even slight changes in the oscilloscope capabilities can alter the measured microstructure response. For example, the plot in Fig. 3 shows the impact of measuring the microstructure using an oscilloscope with a 40-GS/s sample rate compared to a 50-GS/s sample rate. The data indicate that the measured peak is ∼1.7× lower when using a 40-GS/s oscilloscope. This further demonstrates that measuring the true characteristics of a LINAC microstructure is strongly dependent on the measurement setup.
When calculating the dose rate for a given irradiation using the PCD response, it may be necessary to account for microstructure effects if the device under test is able to respond to the microstructure. The reason for this is that the effective carrier generation rate is higher at the microstructure peaks which will lead to higher peak dose rates. Based on the PCD data, the raw peak rate will be approximately 5× greater than the filtered rate. If a device exhibits a dose rate susceptibility, experimenters must determine whether the susceptibility is due to the higher dose rate levels at the peak of a microstructure pulse or if the filtered dose rate level would lead to the same issue. It is imperative to make this determination from a radiation hardness assurance standpoint so that the dose rate susceptibility threshold is accurately assigned.
B. RF BJTs and RF p-i-n Diodes
Experimental results for two different Si-based n-p-n RF BJTs (i.e., Technology #1 and Technology #2) are shown in Figs. 4 and 5. The response of a RF p-i-n diode is provided in Fig. 6 . In each plot, the y-axis is a normalized photocurrent which can be determined by dividing the measured photocurrent (raw or filtered) by the peak raw photocurrent. As indicated by the data, both RF BJT part types and the RF p-i-n diode are capable of responding to the microstructure produced by the LINAC. Similar to the PCD responses, the filtered peak is a fraction of the microstructure peak. This resulted in larger photocurrents during each microstructure peak compared to the filtered photocurrent peak. While not shown, both RF BJT Technology #2 and the RF p-i-n diodes had a similar response to RF BJT Technology #1 [ Fig. 4(a) ] on a full-time scale.
When comparing the raw and filtered photocurrent responses, it is apparent from Figs. 4 and 5 that the filtered response does not have as much variation across the pulse envelope as the raw response. However, the observed responses still follow the temporal profile of the radiation diagnostics (i.e., have the same basic shape as the PCDs). Note that despite the LINAC being set for a 50-ns pulse envelope, the pulsewidth (as determined by a filtered diamond PCD) during the Technology #2 test series was ∼ 25 ns. These data are not shown on a full-time scale. The raw data in Fig. 4 through Fig. 6 also reveal that the cable/board ringing was much more pronounced in the RF devices than in the PCDs. The most severe ringing was observed in the RF p-i-n diodes. It is believed that the cable/board ringing effects were greater in the RF devices because the depletion region volume is much smaller than the conductive area in the PCDs, resulting in much smaller signals.
Similar to the observed effect shown in Fig. 3 , the measured photocurrent for both the RF BJTs and RF p-i-n diodes was lower when measured on a 40 GS/s oscilloscope compared to a 50 GS/s oscilloscope (data not shown). As discussed in Section II, measuring the microstructure is challenging. When trying to measure small signals (e.g., photocurrent in small area devices), it becomes even more complicated due to cable and/or board effects.
While the devices discussed in this paper do not exhibit burnout or significant degradation from the photocurrent, it is feasible to have a case where the threshold for degradation in a device is above the filtered dose rate level but below the raw peak dose rate level. In this case, the device would not exhibit a dose rate susceptibility to a continuous pulse similar to the rate and shape of the filtered signal. However, if there was a higher rate that surpasses the degradation threshold due to Zoomed-in view comparison of the normalized photocurrent response (raw and hardware filtered) of a RF p-i-n diode.
the microstructure or simply a continuous pulse with a higher rate, then the device would exhibit dose rate susceptibility. This suggests that if an experiment is conducted at a LINAC in the standard setup (i.e., measuring filtered response), a part could be incorrectly removed from consideration in a design because of an observed dose rate susceptibility.
IV. PHOTOCURRENT MODELING
A. Device Simulations
The discussion up to this point has focused on experimental data obtained on several types of devices that respond to the microstructure as well as how the experimental setup can alter the microstructure response. It is also of interest to investigate aspects of how a device will respond to the microstructure independent of experimental specifics. Device simulations are a valuable means to understand how and which devices will respond to the microstructure and to validate the observed experimental response. Here, the device simulations are meant to provide insight into the physics of the microstructure response and allow parameters to be studied in isolation (i.e., decoupled from experimental complications).
Silvaco's suite of technology computer aided design modeling tools were used to perform 2-D numerical simulations on a generic RF BJT, a Zener diode, a p-n junction with an abrupt transition, and a graded p-n junction. The intent is to progress to simulations of the actual experimental devices in the future. Note that during the simulations, the LINAC microstructure was modeled with a constant peak amplitude. (i.e., the amplitude of each microstructure peak did not vary with time similar to the experimental data.) Furthermore, device parameters (e.g., mobility, field, and depletion region width) were adjusted to determine the variation in the microstructure response and assign controlling parameters to the microstructure effects. The choice of parameters is based partially on a priori knowledge and partially on the exposition presented below.
It is well known that when semiconductor devices are exposed to ionizing radiation, electron-hole pairs (ehps) are created via interactions between incident particles/photons and the semiconductor materials [4] - [6] . Some fraction of the generated carriers will traverse the junction and produce a transient current (i.e., photocurrent) at the terminals. The radiation-induced photocurrent is directly proportional to the junction area and is affected by drift processes in the depletion region (prompt photocurrent component) and diffusion processes in the adjacent quasi-neutral regions (delayed photocurrent component). Assuming the junction is large so that the electric field (E) is uniform, the net force (F) acting upon an electron initially at rest in the depletion region is
where q is the absolute value of the electron charge, m * n is the effective mass of an electron, and a is the acceleration. The distance (x) the electron will travel within the depletion region can be related to the electric field and acceleration through
where t is the transit time. Note that the same equation can also be derived through the carrier velocity. Assuming that the radiation-induced electrons are crossing the entire depletion region, x(t) can be replaced with the depletion region width (W D ). This yields the proportionality
where μ e is the electron mobility. Mobility is related to the transit time through
The negative signs in (1) through (3) are a result of solving the equations for an electron. Assuming a 1-μm wide depletion region with a 1-V potential across it, (3) leads to a typical transit time induced by drift of approximately 10 ns (for an electron initially at rest) to cross the depletion region. However, the delayed photocurrent component (discussed in Section IV-B) has associated characteristic times of microseconds. The gigahertz nature of the microstructure detailed in the experimental discussion suggests that the depletion region charges are primarily responsible for microstructure effects in devices and not carriers generated in the adjacent quasi-neutral regions. Given these assumptions, a survey of simulations can be performed on the aforementioned structures to study the effects of the parameters associated with charges crossing the depletion region.
Shown in Fig. 7 (a) and (b) is the photocurrent response of a generic RF transistor for variations in the μ e or the applied bias (V A ). The applied bias is directly proportional to the electric field terms in (2) and (3). The maximum depletion region width for the RF transistor was ∼ 0.7μm. During the simulations, only one parameter was adjusted at a time. As expected, the microstructure effects increase for either an increase in the mobility or an increase in the applied bias. The simulations also reveal that the device does not fully respond to the microstructure unless the mobility is on the order of 1000 cm 2 /(V·s). This is apparent from the fact that the photocurrent does not return to zero when the microstructure is in a valley (i.e., zero excitation or turned OFF).
Presented in Fig. 8 is the modeled data obtained on a generic Zener diode with W D ≈ 2 μm. The plot illustrates the impact of varying μ e for a constant applied bias of 0.1 V. As shown by the data, the wider depletion region resulted in a slower response and a relative lack of microstructure effects. The lack of microstructure effects is more evident in the plot shown in Fig. 9 for a graded p-n junction which has the widest depletion region (W D > 2μm). These results were obtained for μ e = 30 cm 2 /(V·s) and V A = 0.1 V. The data in Fig. 7 through Fig. 9 reveal that as the depletion region is increased, the ability of the device to respond to the microstructure decreases.
After performing the simulation survey, the results indicated that there were relative magnitudes for the two sides of (3). Identifying the period of the microstructure as a fundamental time period suggests a modification to (3) which can produce a microstructure sensitivity relationship describing whether a device will respond to microstructure effects. The resulting relationships are Fig. 8 . Simulated response of a generic Zener diode showing the variation in the microstructure response for changes in the electron mobility. This device had a slower response and relative lack of microstructure effects compared to the RF transistor. Fig. 9 . Simulation of a graded p-n junction. There was a minimal response to the microstructure. The primary difference between this device and the other devices is that the depletion region width was wider.
and
where τ m is the microstructure period, c is a constant, and τ e is the electron lifetime. Based on the radiation intensities considered in this paper, the recombination rates are dominated by Shockley-Read-Hall [7] , [8] . Note that at very high dose rates, Auger recombination will become more prevalent [8] . Furthermore, the constant c is expected to be much less than one because the microstructure response was relatively insensitive to the electron lifetime in this model. That is not to say that the electron lifetime would not play a role in a device with different characteristics or for a different microstructure period. If a device has the relationship shown in (5), there will be little to no response to the microstructure. If a device has the relationship shown in (6) , the device will strongly respond to the microstructure. A similar relationship also holds for holes. However, electrons usually dominate the response in these types of devices. 
B. Photocurrent Compact Model
Photocurrent models are typically created using the filtered response of the devices and radiation diagnostics. If a device can respond to the microstructure, then these models may be inherently inaccurate based on the discussion above.
Several papers have discussed different methods of modeling the photocurrent response of a p-n junction over the past few decades [5] , [7] - [12] . In this paper, we implemented the Fjeldy photocurrent model within MATLAB and investigated the ability of that model to capture microstructure effects. The basic equation governing the total photocurrent density can be expressed as [7] J photo = J prompt + J n,delay + J p,delay (7) where J prompt is the prompt photocurrent density, J n,delay is the diffusion-based n-type delayed photocurrent contribution, and J p,delay is the diffusion-based p-type delayed photocurrent contribution. The delayed photocurrent components are related to the buildup and discharge of charge carriers in the two quasi-neutral regions adjacent to the junction [7] . In (7)
where G n and G p are the carrier generation rates for electrons and holes, L nd and L pd are the effective diffusion lengths for electrons and holes, and G is the ehp generation rate defined as
where g o is a constant in units of [
] andγ is the dose rate in rad(Si)/s. The photocurrent can be determined by simply multiplying the photocurrent density by the area. For more details about the model, refer to [7] .
Using (8), the photocurrent density was calculated for a p-n junction assuming the radiation exposure was 50-ns square Fig. 11 . Normalized photocurrent for a 50-ns pulse envelope (based on the PCD data in Fig. 1) . wave pulse. This pulse shape would be similar to a hardware filtered PCD signal. The calculated total, prompt, and delayed photocurrent density components are presented in Fig. 10 . Observe that the prompt component is at least 2× greater than the delayed components. Depending on the values selected for the parameters within the model (e.g., diffusion lengths, lifetimes, and quasi-neutral region widths) the difference may increase or decrease. Also notice the diffusion-based processes observable in the delayed photocurrent data which impact the fall times of the response. Shown in Fig. 11 is the calculated raw normalized photocurrent for a 50-ns pulse envelope (based on the PCD data in Fig. 1 ). Because the output of a PCD is directly proportional to the irradiance and thus the dose rate, the dose rate term in (11) can be replaced with the measured PCD response. As expected, the photocurrent response follows the shape of the PCD. In these calculations, the drift-based prompt photocurrent dominated the microstructure response observed in the p-n junction. This was also verified through device simulations. Shown in Fig. 12 is a 3-D cross section of a generic RF transistor showing the electric field variation across the device in the y-direction. Indeed, the microstructure response originates in the high electric field region at the base-collector junction. This implies that drift-based photocurrent is dominating the response. Note that a vertical 2-D cross section of this 3-D representation was used in the device simulations described above. Future simulations will be directed toward studying the relative contributions of the prompt versus delayed photocurrents in different devices.
V. CONCLUSION
The effect of a LINAC's microstructure (i.e., train of narrow pulses) on devices and the associated transient photocurrent models was discussed. The data indicate that the response of two different types of COTS RF BJTs, COTS RF p-i-n diodes, and diamond, GaAs, and SiO 2 PCDs is higher when taking into account microstructure effects. This has obvious hardness assurance implications when assessing the transient response of devices because the measured photocurrent and dose rate levels could be underestimated if microstructure effects are not captured. As shown in this paper, the rate the energy is deposited in a material during the microstructure peaks is much higher than the filtered rate which is often measured. It was also shown that the experimental setup and capabilities of the measuring equipment (e.g., oscilloscopes) can have a significant impact on the measured microstructure response. Therefore, it is imperative to have a low-loss setup with minimal parasitics to determine the true effects of the microstructure on a particular device. This not only has implications for model development but also for accurately determining degradation thresholds (i.e., hardness assurance).
In addition to the experimental work, 2-D numerical simulations were used to qualitatively understand the microstructure response in generic RF and standard devices and provide insight into the physics of the microstructure response. Device simulations are critical to understand how/which devices will respond to the microstructure and allow parameters to be studied decoupled from experimental complications. The photocurrent calculations and device simulations illustrated the potential importance of capturing microstructure effects when developing compact models for devices that can respond to the microstructure. If microstructure effects are not properly captured in the model development and V&V process, the photocurrent models provided to circuit designers may be inaccurate. This could lead to false predictions of a circuit's performance.
In previous studies, it has been shown that not all devices will respond to the high-frequency component associated with the LINAC microstructure [1] , [2] , [13] . However, it is reasonable to assume that integrated circuits or discrete implementations of circuits developed with similar technologies to the discrete devices tested here (e.g., GaAs or RF Si technologies) will respond to the microstructure.
